Abstract: This paper presents the design, simulation, fabrication, and performance of an ultrabroadband metamaterial absorber (MMA) at microwave frequencies. The unit cell of this design is composed of the combined metallic resonance structure of two overlapping squares, as well as a square split-ring at the top of an FR-4 dielectric layer and a continuous copper ground plane. The simulated results derived from CST2015 indicate that the absorption ratio of the MMA is over 83%, with a wide frequency range from 20.59 to 43.73 GHZ for a normal incidence electromagnetic (EM) wave. The proposed ultrabroadband MMA has a full width at half maximum (FWHM) absorption bandwidth of 25.64 GHZ and a relative FWHM absorption bandwidth of 79.5%. Moreover, the absorber has a thickness of 0.92 mm, which is only 0.1 λ 0 at the center frequency of 32.17 GHZ. The effects on the absorption properties produced by the materials' properties and polarization angles have been investigated. The electric field and surface current distributions have been analyzed at three absorption peaks to understand the EM wave absorption mechanism. The proposed absorber has been fabricated using the laser ablation machine and tested for the normal incidence EM wave. Measured results show an agreement with the simulated results. Furthermore, the proposed design can greatly enrich the applications of MM in thermal imaging, detection, stealth technology, antenna systems, and other EM devices because of its broad frequency range, high absorption, simple fabrication, and effective cost.
Introduction
Metamaterial (MM) is a class of artificial materials with unusual electromagnetic wave (EM) characteristics that cannot be found in nature such as negative refraction index, cloaking behavior, backward propagation, reverse Doppler effect, and perfect absorber action [1] - [7] . Rather than relying on their compositions, these exotic EM characteristics rely on the geometry of sub-wavelength periodic resonance structures. The MM has been extensively applied in various fields such as antennas [8] - [10] , filters [11] , [12] , super-lenses [13] , [14] , EM cloaking [15] - [17] , and perfect MM absorbers (MMs) [18] , [19] . The perfect MMA composed of split-ring resonance structures and a middle dielectric layer at the top of cut-wires was first presented by Landy et al. in 2008 [20] , and since then, the research of the MMA has attracted an extensive amount of attention with numerous MMAs being proposed. In general, an MMA consists of typical three layers of the MDM (metallic mirror-dielectric spacer-metallic structures) type of metasurface, which has been widely used in various designs [21] - [24] . The MMAs offer advantages over traditional absorbers such as being much slimmer in thickness, relatively lower in cost, easier to design, and having a nearly perfect absorption [25] . Unfortunately, a prominent disadvantage of the narrow absorption bandwidth is that it always impedes their application in practice, which is mainly attributable to the strong electric and magnetic resonances. To overcome these limitations of narrow bandwidth, the design of the dual-band, multi-band, or broadband MMAs with high absorption has gathered extensive interests because of their widespread application in miniaturized microwave components, thermal detectors, and bolo-meters [26] - [29] . Several methods have been applied to increase the number of the absorption peak or to enlarge the absorption bandwidth of the MMA. For example, Park et al. [30] , Li et al. [31] , Viet et al. [32] , Lee et al. [33] , and Ghosh et al. [34] presented the bandwidth enhancement approaches based on the single-layer absorber structure composed of multi-resonance units with the differing geometric dimensions. Bhattacharyya et al. [35] , Xiong et al. [36] , Grant et al. [37] , Ding et al. [38] , and Yang et al. [39] extended the absorption bandwidth based on the multi-layer absorber structure formed by vertically stacking multiple different-sized metallic resonance structures. Several other bandwidth enhancement approaches include the lumped elements loading technology and the frequency tunable technique [40] - [42] . These methods have several limitations for the practical application of the MMAs owing to the increased unit dimension, overall thickness of the absorber, and fabrication difficulty. Therefore, the design of the single-layer MMA with the simple resonance structure, broadband (multi-band) absorption, and high absorption ratio becomes particularly urgent.
In this paper, an ultra-broadband MMA structure at microwave frequencies is presented. The unit cell of the proposed MMA is composed of the combined metallic resonance structure of two overlapping squares, as well as a square split-ring at the top of an FR-4 dielectric layer and a continuous copper ground plane. For the normal incidence EM waves, the absorption ratio of the absorber is over 83% from 20.59 GHZ to 43.73 GHZ. The simulated results show that the proposed MMA is an ultra-broadband with an FWHM absorption bandwidth of 25.64 GHZ and a relative FWHM absorption bandwidth of 79.5%, as compared with the other broadband MMAs presented in [32] , [34] , [36] - [39] . Moreover, the absorber has a thickness of 0.92 mm, which is only 0.1 λ 0 at the center frequency of 32.17 GHZ. Three distinct absorption peaks presented by the two components of the combined resonance structure merge together to provide an ultra-broadband absorption, which are located at 21.438 GHZ, 30.41 GHZ, and 42.367 GHZ with absorption ratios of 99.97%, 99.99%, and 99.94%, respectively. Several simulations have been performed to comprehensively understand how the metallic conductivity, dielectric permittivity, and polarization angles affect the absorption properties of the proposed MMA. The absorption mechanism of MMA has been analyzed based on the distributions of the electric field and surface current at the three independent absorption peaks. The proposed absorber has been fabricated using the laser ablation technology and tested for the normal incidence EM wave. The tested results are in reasonable agreement with the simulated responses. Different from previous bandwidth enhancement approaches that combined various sized sub-wavelength resonance units into a single-layer absorber structure or through stacking multiple same-or different-sized metallic resonance units to form a multi-layer absorber, the absorber structure proposed in this paper is more suitable for the practical application in detecting, cloaking, antenna systems, and EM devices because of its broader frequency range, smaller unit size, more convenient procedure, and effective cost. 
Design and Simulation
Normally, an MMA with a typical MDM metasurface consists of three layers, consisting of the metallic resonance structure array, dielectric layer, and ground plane. When the EM wave is normally incident on the surface of the MMA, the surface currents on the top resonance structure can induce the electric resonance, and the top resonance structure can also interact with the bottom continuous metal film to form anti-parallel currents, which can form the magnetic dipole resonance. Through the reasonable design of the geometric shape and size of the resonance unit, the electric resonance and magnetic resonance can be overlapped in the same frequency band. Therefore, the electric field and magnetic field energy can be absorbed in the same band, and then, the perfect absorption characteristic is realized.
As shown in (1), below, the absorption ratio A (ω) of the MMA is closely related to the reflection R (ω) and the transmission T (ω), which all depend on the frequency of the incidence EM wave.
A perfect MMA is realized by suppressing the reflection and transmission waves to maximize the absorption ratio. The reflection R (ω) in (2), shown below, of zero can be achieved by adjusting the geometric parameters to make the relative permeability μ r and the relative permittivity ε r have the same value, and then the impedance of the absorber Z (ω) (as shown in (3), shown below) can seamlessly match to the impendence of the free space
Moreover, the transmission T (ω) of zero can be achieved by using the metallic ground plane at the bottom of the MMA, which is usually thicker than the metal skin depth at the operation frequency. Therefore, when the EM waves are transmitted into the MMA, they will disappear as a result of the dielectric and metal losses.
The unit cell of the proposed MMA is shown in Fig. 1 . It consists of a top metallic pattern to generate the EM resonance and a bottom continuous metallic plane to prevent the transmission of the EM waves, which are separated by the middle dielectric layer to dissipate the incidence EM waves. Therefore, the absorption A (ω) is only calculated from the reflection and expressed through the S 11 (ω) parameters as A (ω) = 1 − |S 11 (ω)| 2 . We chose the copper with an electric conductivity σ = 5.8e7 S/m as the top and bottom metallic layers, and the FR-4 with a relative permittivity of ε r = 4.4 and a loss tangent of 0.02 as the dielectric layer. The top metallic pattern consists of two components, including two overlapping squares and a square split-ring structure. Based on the finite integration technique, simulations were performed using a full-wave electromagnetic simulation software CST. To imitate the infinite periodic cells, the periodic boundary conditions were selected along the x − y plane, while the open boundary conditions were chosen along the z plane in the simulation process. Moreover, the electric field (E) and magnetic field (H) were parallel to the incidence plane whereas the propagation wave vector (k) was perpendicular to the structure plane. The optimized geometric parameters are as follows: L 1 = 800 μm, L 2 = 2000 μm, W 1 = 300 μm, W 2 = 300 μm, the length of the periodic array P = 4000 μm, the thickness of the bottom metallic plane H s = 10 μm, the thickness of the middle dielectric layer H d = 900 μm, and the thickness of the top metallic structure H m = 10 μm.
The simulated absorption performance of the proposed MMA for the normal incidence EM wave is illustrated in Fig. 2 . The proposed absorber displays an absorption ratio of over 83% from 20.59 GHZ to 43.73 GHZ. Moreover, the simulated result shows that the proposed MMA has FWHM absorption bandwidth of 25.64 GHZ and a relative FWHM absorption bandwidth of 79.5%. Three distinct absorption peaks can be clearly observed at 21.438 GHZ, 30.41 GHZ, and 42.367 GHZ with the absorption ratios of 99.97%, 99.99%, and 99.94%, respectively.
Discussion and Analysis
In order to explore the origin of the three absorption peaks, the individual simulation has been performed for two components of the combined metallic resonance structure. In Fig. 3 , it can be observed that the outer square split-ring structure provides two absorption peaks at 21.03 GHZ and 30.43 GHz with an absorption ratio of over 78% from 19.94 GHZ to 34.68 GHz. In addition, the interior two overlapping squares structure provides more than 92% absorption ratio from 45.07 GHZ to 46.69 GHz. Moreover, two closer absorption peaks can be detected at 45.46 GHZ and 46.59 GHZ with the absorption ratios of 99.89% and 99.76%, respectively. It is evident that the combination of the two components provides an ultra-broadband absorption performance with small changes in the absorption ratios and absorption frequencies.
We then investigated the effects on the absorption properties produced by the conductivity of metallic materials and the permittivity of the dielectric layer. Fig. 4(a) displays the dependence of the metallic conductivity (such as Ag (σ = 6.06e7 S/m), Cu (σ = 5.8e7 S/m), Au (σ = 4.09e7 S/m), and Al (σ = 3.72e7 S/m) on the absorption properties of the MMA. It can be seen that the metallic conductivity has a slight influence on the absorption properties of the MMA since most metals can be regarded as perfect electronic conductors (PEC) in microwave range. Therefore, the design of the MMA in microwave range is independent of the choice of the metal material. Fig. 4(b) exhibits the absorption properties of the proposed MMA under the differing relative permittivity of 3.5, 4.4, and 5.7 for polyimide, FR-4, and porcelain. In juxtaposition with the absorption performance of the proposed MMA under the relative permittivity of 4.4 for the FR-4 dielectric layer, it is clearly observed that there is a red shift on the resonance frequencies and a decrease of the average absorption ratio when the dielectric layer is porcelain with the relative permittivity of ε r = 5.7. However, when the relative permittivity is ε r = 3.5 for the polyimide dielectric layer, the resonance frequencies are shifted towards the higher frequencies and the average absorption ratio increases.
The polarization behaviors have been researched for the different polarization angles under normal incidence EM waves to further study the absorption performance of the proposed MMA. A series of simulations have been performed for both TE and transverse magnetic (TM) polarization waves for the differing polarization angles. For TE polarization wave, the electric component of the EM wave is always parallel with the surface of the MMA, while the excitation angle of the magnetic component is unfixed. Contrarily, for TM polarization wave, the magnetic component of the EM wave is always parallel with the surface of the MMA, while the excitation angle of the electric component is varied. The polarization behavior of the proposed MMA is consistent for both TE polarization wave and TM polarization wave. As shown in Fig. 5 , the absorption ratio of the MMA gradually decreases as the polarization angle increases from 0°to 45°with the step width of 15°; the absorption ratio then increases again as the polarization angle increases from 45°to 90°with the interval of 15°. The absorption ratio is equal to zero when the polarization angle is same as 45°. Furthermore, the absorption properties are almost identical for when the polarization angle is equal to 0°and 90°, 15°and 75°, and 30°and 60°, respectively. However, the FWHM absorption bandwidth remains approximately constant with the change of the polarization angle. In conclusion, the proposed MMA is sensitive to the polarization angle of the incidence EM wave. On the other hand, as shown in Fig. 6 , as a result of the large lattice constant which is only about half of the wavelength at 40 GHZ and the asymmetry of the proposed MMA structure, it does not have the wide incidence angle performance. How to realize an ultra-broadband, polarization insensitive and wide incidence angle MMA based on the proposed design in this paper is a new research direction.
The basic principle of the MMA can be deduced from the electric resonance and magnetic resonance, which is observable from the distribution of the electric field and surface current. In order to fully investigate the intrinsic absorption mechanism of the proposed MMA, the study on the electric field and surface current distributions at the three absorption peaks of 21.438 GHZ, 30.41 GHZ, and 42.367 GHZ were performed. The simulated electric field distributions are shown in Fig. 7 . For the three absorption peaks, the electric field distributions are very strong along the edges of the resonance structure, the gaps between the two components of the resonance structure, and the openings of the split-ring. At 42.367 GHZ, a significantly higher magnitude of the electric field can also be observed from the internal resonance structure, indicating that the internal component of the absorber structure contributes to the third absorption peak. It is evident that the strong electric field distribution demonstrates the existence of the strong electric resonance, which is resulted from the coupling of the metallic patterns, the dielectric layer, and the ground plane. The distributions of the surface current at the top resonance structure and bottom ground plane corresponding to the three absorption peaks are illustrated in Fig. 8 . It can be discerned that the high current mainly distributes along the edges of the resonance structure. On the other hand, the high account of current is also seen at the inner corner of the square split-ring. For the three absorption peaks, the currents remain anti-parallel at the top resonance structure and the bottom ground plane. A magnetic dipole functioning as a current ring can be formed on account of the anti-parallel currents, and the strong magnetic resonances are then further developed at these resonance frequencies. Therefore, the top metallic resonance structures can provide the electric response needed to adjust the relative permittivity of the MMA, while the combination of the metallic resonance structure and the bottom metallic ground plane can generate the magnetic response necessary to adjust the relative magnetic permeability of the MMA. The perfect absorption corresponding to the perfect impedance matching can be obtained when the relative permittivity has the same magnitude with the relative permeability, which is dependent on the coexistence of the strong electric resonance and magnetic resonance. 
Manufacturing and Test
In order to confirm the validity of the simulation performance of the MMA, the prototype sample has been fabricated based on the optimized physical dimensions and material parameters. First, a 50 mm × 50 mm × 900 μm FR-4 plane was prepared as a middle dielectric layer. Second, by using the JTRC-550 magnetron sputtering device, 10 μm copper was sputtered on the front and back sides of the FR-4 plane. Thirdly, using the LPKF ProtoLaser U3 laser burning machine and the prepared mask, the metallic micro pattern was made by removing the undesired copper on the front side. The flow diagram of the manufacturing process is shown in Fig. 9 . Fig. 10 displays the fabricated sample.
The free-space reflection method was applied to test the scattering parameters of the fabricated sample. The far-field test schematic is shown in Fig. 11 .
To prevent the unwanted EM waves, the wedge-tapered absorbers were placed around the prototype sample. Two horn antennas were used as the transmitting antenna and receiving antenna, respectively. An Agilent N5224A vector network analyzer was applied as a signal source to generate the excitation signal, which was then divided into the input signal and reference signal by a power splitter. In addition, the network analyzer was used to measure the reflection signals from the prototype. To eliminate the edge scatting effects of the MMA, the dimensions of the test sample should be at least more than two times the maximum working wavelength. Furthermore, the far-field condition should be met to ensure incidence EM waves are plane waves, which is given by
where d is the distance between the sample and the antenna, λ is the wavelength of incidence EM waves, and D is the diagonal length of the antenna, i.e., the maximum linear dimension of the antenna.
In the testing process, a part of the energy from the incidence EM wave will be reflected, and the other portion of energy will be coupled into the MMA and will then disseminate in the dielectric layer. 12 illustrates the comparison of the tested and simulated absorption performance for the normal incidence EM wave. It can be observed that the fabricated absorber sample displays an absorption ratio of over 78%, with frequency range from 20.56 GHZ to 42.23 GHZ for the normal incidence EM wave. Three distinct absorption peaks can be observed at 20.738 GHZ, 28.841 GHZ, and 41.257 GHZ with the absorption ratio of 98.57%, 98.79%, and 97.94%, respectively. Moreover, the tested results show the fabricated absorber sample has an FWHM absorption bandwidth of 24.86 GHZ and a relative FWHM absorption bandwidth of 78.7%. These slight deviations between the simulated results and the tested results mainly caused by the copper film oxidation during the laser burning process, the irregular thickness of the copper film because of the tolerance of the sputtering machine, the inaccurate size of the sample because of the precision of the laser burning machine, and the inaccuracy from the measurement.
Conclusion
The design, simulation, fabrication, and performance of an ultra-broadband MMA structure based on the periodic array of the combined metallic resonance structure at the top of an FR-4 dielectric layer and a copper ground plane have been presented in this work. The absorption ratio of this absorber is over 83% with the frequency ranging from 20.59 GHZ to 43.73 GHZ for the normal incidence EM wave. The proposed MMA has an FWHM absorption bandwidth of 25.64 GHZ and a relative FWHM absorption bandwidth of 79.5%. Its bandwidth is greatly increased compared with the previous MMAs. Three distinct absorption peaks provided by two components of the combined metallic resonance structure merge together to provide an ultra-broadband absorption. The polarization sensitive behavior of the proposed MMA has been researched by numerous simulations under various polarization angles for both TE and TM polarization waves. A new research direction proposed in this paper concerns how a polarization insensitive and wide incidence angle MMA based on the ultra-broadband MMA can be realized. The intrinsic absorption mechanism of EM wave was fully investigated by researching the electric field and surface current distributions at three absorption peaks. The tested absorption performance of the fabricated sample is in suitable agreement with the simulated results. Since the discovery of MMA until now, they have always suffered from narrow absorption bandwidth as a result of the strong EM resonance. Many approaches of bandwidth enhancement have been proposed, but the design and fabrication complication still are the major limitations. In comparison with the previous broadband MMA designs, the proposed MMA structure is easier to fabricate and is more suitable for the practical application because of its broader absorption bandwidth, smaller unit size, slimmer structural thickness, more convenient procedure, and effective cost. Therefore, the proposed MMA structure is an outstanding candidate for the realization of the broadband MMA.
